One sentence summary: Saccharomyces cerevisiae plasma-membrane hyperpolarisation caused by the lack of Kch1 and Kch2 is interconnected with the activity of Trk potassium uptake systems.
INTRODUCTION
Yeast cells are continuously exposed to variable environmental conditions, including changes in ion concentrations. On the other hand, intracellular concentrations of cations (especially H + and K + ) must be maintained at optimal levels. The concentration of H + determines the intracellular pH, and the electrochemical gradient of protons across the membranes is crucial as a driving force of secondary active transport systems. Potassium is the predominant ion inside the cell. Its appropriate concentration and continuous fluxes across the plasma membrane are important for many physiological functions, e.g. for the regulation of cell volume, the cell cycle and stable membrane potential (Arino, Ramos and Sychrova 2010; Arino et al. 2014 ).
In the model yeast Saccharomyces cerevisiae, there are more than 10 transporters, localised to the plasma membrane or to the membranes of intracellular organelles, involved in the regulation of intracellular proton and potassium levels (Cyert and Philpott 2013; Arino et al. 2014) . The plasma membrane harbours the essential transporter of protons (H + -ATPase Pma1;
Serrano, Kielland-Brandt and Fink 1986) mediating the efflux of H + . The activity of Pma1 is tightly regulated according to the metabolic activity and physiological conditions of cells or in response to changes in intracellular pH or K + uptake (reviewed in Arino, Ramos and Sychrova 2010) . Two efficient potassium uptake uniporters, Trk1 and Trk2, are crucial for potassium supply in S. cerevisiae (Gaber, Styles and Fink 1988; Ramos et al. 1994) . To export a surplus of alkali-metal cations, S. cerevisiae uses three systems (Tok1 -K + -channel, Ena -Na + ,K + -ATPases, Nha1 -Na + , K + /H + antiporter) (Arino, Ramos and Sychrova 2010) .
Plasma-membrane transporters tightly collaborate in a coordinated manner and the efficient and continuous influx and efflux of potassium and protons is necessary for yeast cell fitness (Navarrete et al. 2010; Zahradka and Sychrova 2012; Zimmermannova et al. 2015) . In addition to the main transport systems, the existence of a K + -permeable non-specific cation channel (NSC1) in the plasma membrane of S. cerevisiae has been proposed Bertl 1998, 2002) , but the gene(s) encoding this cationic channel have not been identified yet. Recently published results indicate that two small fungus-specific membrane proteins Kch1 and Kch2 are putatively responsible for NSC currents in S. cerevisiae since kch1 kch2 mutant cells exhibited (at negative membrane voltages) only about 40% of the inward K + currents of the wild-type cells . The S. cerevisiae Kch1 and Kch2 proteins are small proteins -497 and 352 amino acids long, respectively. They consist of at least two transmembrane segments (Heiman and Walter 2000) and share more than 45% sequence identity (our unpublished results). Both Kch proteins were identified as being essential for the K + -dependent activation of the high-affinity Ca 2+ influx system (HACS) responding to mating pheromones . Kch2 was originally recognised as one of the pheromoneregulated membrane proteins (Prm6), whose transcription is induced in the presence of mating pheromones (Heiman and Walter 2000; Roberts et al. 2000) . Nevertheless, in response to α-factor, the expression of both genes is strongly induced . Upon overexpression of N-terminally tagged green fluorescent protein (GFP) versions, GFP-Kch1 was localised to the plasma membrane with slight enrichment in the membrane of buds compared to mother cells, and GFP-Kch2 was localised to the distal tip of growing buds and to the vacuole. They were proposed to be putative K + transport systems that mediate the influx of K + essential both for the activation of HACS and for the accumulation of Ca 2+ . The expression of ScKCH1 in mammalian cells promoted a Kch1-dependent inward current equally permeable for Na + and K + ). The ScKch1, but not ScKch2, was shown to be important for HACS activation and cell survival in response to several endoplasmic reticulum (ER) stressors (Stefan and Cunningham 2013) . The role of a single homologous protein was also studied in pathogenic Candida albicans cells. The activation of HACS was affected in homozygous kch1/kch1 knockout mutants of C. albicans during the response to ER stressors, but not in the presence of various antifungal drugs (Stefan and Cunningham 2013 
METHODS

Yeast and bacterial strains
The yeast strains used in this study are listed in Table 1 . The KCH1 and KCH2 genes were deleted by homologous recombination using the Cre-loxP system with the KanMX marker gene (Guldener et al. 1996) , and the primers are listed in Table S1 (Supporting Information). The correct deletion of KCH1 and/or KCH2 genes was verified by diagnostic polymerase chain reaction (PCR) using the oligonucleotides listed in Table S1 . For particular pH measurements, the BY4741 pHl strain with an integrated gene encoding pHluorin was used. Escherichia coli XL1-Blue (Stratagene) was used as the host for plasmid amplification.
Growth media
Yeast cultures were routinely grown at 30
• C in standard YPD (Formedium) or yeast nitrogen base (YNB; Difco) media. For the selection of S. cerevisiae transformants with the loxP-kanMXloxP cassette, YPD was supplemented with G418 (900 μg/ml, Formedium). To estimate the growth in the presence of a precise and limited amount of K + , synthetic K + -free medium (0.17% YNB-F without amino acids, ammonium sulphate and potassium; Formedium) was used, supplemented with the indicated amount of KCl. For intracellular pH measurements, a filter-sterilised YNB-F pH medium (0.17% YNB without amino acids, ammonium sulphate, riboflavin, folic acid and potassium; Formedium) or YNB pH medium (0.17% YNB without amino acids, ammonium sulphate, riboflavin and folic acid; MP Biomedicals) were used. All YNB-based minimal media were supplemented with 2% glucose, and 0.4% ammonium sulphate. The pH of YNB-F media was adjusted to 5.8 with NH 4 OH before sterilisation. The required auxotrophic supplements were added after sterilisation. Solid media were prepared by adding 2% (w/v) agar. To avoid precipitation, ammonium sulphate was replaced with ammonium chloride when solid minimal media with CaCl 2 were prepared. The E. coli transformants were grown in standard LuriaBertani medium (LB, Sigma) supplemented with ampicillin (100 μg/ml, Biotika). 
Plasmids
For the overexpression of the KCH1 and KCH2 genes, corresponding open reading frames (ORF) were amplified by PCR using the S. cerevisiae BY4741 genomic DNA as a template and the corresponding oligonucleotides (listed in Table S1 ). The obtained PCR fragments were cloned by homologous recombination into multicopy plasmids based on YEp352 and pGRU1 (enabling GFP tagging of the ORF at the 3 terminus) behind the constitutive S. cerevisiae NHA1 promoter (Kinclova et al. 2001) , resulting in the plasmids pKCH1, pKCH2, pKCH1-GFP, pKCH2-GFP, respectively. All constructs were verified by restriction analysis and sequencing. The empty YEp352 (Hill et al. 1986 ) was used for negative controls. The multicopy plasmid pHl-U (Maresova et al. 2010) was used for the expression of pHluorin to estimate the intracellular pH.
Growth assays
The growth of yeast cells was monitored in liquid and on solid media. The growth rate measurements in liquid YNB-F media supplemented with various amounts of KCl were performed in 96-well plates according to Maresova and Sychrova (2007) . For drop tests on plates, cells pregrown on YPD or on YNB plates were suspended in sterile water to OD 600 = 0.6 (Spekol 211, Carl Zeiss). Serial 10-fold dilutions of cell suspensions were prepared and spotted on YPD, YNB or YNB-F plates without or supplemented with increasing concentrations of alkali-metal-cation salts or sorbitol according to Kinclova et al. (2001) and Stribny, Kinclova-Zimmermannova and Sychrova (2012) . Media with pH adjusted to 3.5 were prepared by the addition of tartaric acid after autoclaving. Media with pH 5.5, 7.5 and 8.0 were supplemented with either 20 mM MES, MOPS or HEPES, respectively, and the required pH was adjusted with KOH. The bromocresol purple was added as a pH indicator to final concentration 0.005%. Growth was recorded for 7 days. For growth assays on gradient agar plates, plates were prepared by successive pouring of two media layers, differing in composition as described earlier (Maresova and Sychrova 2005) . The first layer (YNB containing the maximal concentration of MgCl 2 or CaCl 2 ) was poured into a moderately inclined square Petri dish and after solidification of the sloping layer, the plate was placed in a horizontal position and the second layer of YNB without salts was poured on top. Plates were stored at room temperature for 3 days to ensure the proper diffusion of both layers. When using gradient plates, all the drops had the same initial OD 600 = 0.6.
The more tolerant to the tested compound a particular strain was, the more drops in the line were able to grow. The results shown are representative results obtained from at least three independent experiments.
Fluorescence microscopy
Cells expressing Kch1-GFP or Kch2-GFP were inoculated from liquid preinocula into YNB to OD 600 = 0.0003, grown overnight, and aliquots of cells were then withdrawn at intervals of 2 h over 8 h and viewed with an Olympus AX70 microscope. A U-MWB cube with a 450-480 nm excitation filter and 515 nm barrier filter was used to visualise GFP-tagged proteins. For wholecell pictures, Nomarski optics was used. The results shown are representative results obtained from two independent experiments.
Estimation of cell size
Cell diameter was estimated as described previously (Zahradka and Sychrova 2012) . Ten microlitres of cells growing in YNB + 100 mM KCl to the exponential phase of growth (OD 600 ∼ 0.4) were diluted in 10 ml of CasyTon R dilution buffer and analysed according to the manufacturer's instructions in a cell counter (CASY model TT; Innovatis) with a 60 μm capillary. In each experiment, an aliquot of 1.2 × 10 7 cells from the size interval 3-8 μm were analysed for each strain. The results are shown as the mean diameter of the population obtained from at least three independent experiments.
Fluorescence measurement of membrane potential, diS-C3(3) assay
The relative membrane potential of yeast cells (λ max ) was estimated by a fluorescence assay based on the potential-dependent redistribution of the fluorescence probe diS-C3(3) (Gaskova et al. 1998) in 96-well clear flat bottom polystyrene microplates with non-binding surface treatment (Corning) as described by Kodedova and Sychrova (2016) . Briefly, cells were grown in YNB + 100 mM KCl to the exponential phase of growth (OD 600 ∼ 0.5), washed twice with distilled water and resuspended in an assay buffer (10 mM MES buffer, pH 6.0 adjusted by triethanolamine) to OD 600 = 0.2. The probe was added to 100 μl aliquots of cell suspension per well to a final concentration of 2 × 10 −8 M (from 1 × 10 −5 M stock solution in ethanol). For each strain, fluorescence emission spectra (λ ex = 531 nm, λ em = 565-590 nm) of the cell suspensions were measured in at least four wells at the given intervals in a Tecan Infinite M200 reader (Schoeller Instruments). The measured fluorescence spectra were analysed by Kodedova and Sychrova (2016) , and the resulting staining curves recorded the dependence of the fluorescence emission maximum wavelength λ max on the time of staining. For every staining, the fluorescence value of λ max after 20 min (λ max 20 min ) was determined and used for the expression of differences in membrane potential between the strains. Data obtained in at least three independent experiments are shown either as representative staining curves or as an average of λ max 20 min ± standard deviation (SD).
Measurements of intracellular pH
For intracellular pH measurements, yeast strains expressing pHluorin were grown in YNB-F pH or YNB pH medium supplemented with the indicated amount of KCl to OD 600 ∼ 0.5. The fluorescence intensities were recorded using a SynergyHT microplate reader (BioTek Instruments) with emission filter 516/20 nm and excitation filters 400/30 and 485/20 nm according to Maresova et al. (2010) . To eliminate the background fluorescence, a culture of cells not-expressing pHluorin was grown in parallel and the corresponding values were subtracted from the fluorescence at each excitation wavelength. The ratio of emission intensity I 400 nm /I 485 nm was used to calculate the intracellular pH according to the calibration curve prepared as described previously (Orij et al. 2009; Duskova et al. 2015) . Each strain was measured in eight wells (100 or 200 μl of cells per well for pHluorin expressed from the multicopy pHl-U plasmid or from the chromosome, respectively) within one experiment (technical replicates), and the presented data are average values ± SD of at least four independent experiments (biological replicates).
Statistics
Data were analysed either with Microsoft Excel software 2010 or SigmaPlot 11, and P values were calculated using the two-tailed Student's t-test or one-way ANOVA (Tukey test), respectively.
RESULTS
The proteins Kch1 and Kch2 were proposed to activate HACS in Saccharomyces cerevisiae cells via electrical depolarisation of the yeast plasma membrane associated with K + influx. For these studies, the authors prepared several strains containing kch1 and/or kch2 deletions in the S. cerevisiae W303-1A background (Stefan and Cunningham 2013; . Our previous results showed substantial differences between phenotypes and physiological parameters of the BY4741 and W303-1A strains, in particular in their regulation of intracellular K + homeostasis (Petrezselyova, Zahradka and Sychrova 2010) . To further study the role of Kch1 and Kch2 in membrane potential maintenance and/or changes, and in the regulation of cation homeostasis in relation to other cation transport systems, we constructed a new series of mutated strains with kch1 and/or kch2 deletions alone or in combination with trk1 and trk2 mutations encoding two main K + uptake systems in the BY4741 background (Table 1 ).
In the W303-1A background, the overexpression of Kch1 and Kch2 proteins improved the growth of the trk1 trk2 mutant in the presence of 50 mM KCl . The drop test in Fig.  S1 (Supporting Information) shows that the BY4741-derived trk1 trk2 mutant (BYT12 strain) expressing either the KCH1 or KCH2 gene under the control of a weak and constitutive ScNHA1 promoter from a multicopy plasmid grew better than cells with the empty YEp352 on minimal YNB-F medium with 15 mM KCl. The improvement in growth on limited K + was observed within the range of 10-15 mM KCl. When 50 mM KCl (Fig. S1 ) or 100 mM KCl (results not shown) was added, no difference in growth was observed between cells overexpressing KCH genes and the negative controls. We also verified the plasma-membrane localisation of the Kch1 and Kch2 proteins using C-terminal tagging with GFP ( Fig. S2 , Supporting Information). Similarly as for N-terminally GFP-tagged Kch1 and Kch2 proteins in W303 background , we observed that in the BY4741 background Kch1-GFP is localised to the plasma membrane with enrichment in the membrane of buds, and Kch2-GFP is targeted to the distal tip of growing buds and to the vacuoles (Fig. S2) . The localisation did not change during the exponential phase of growth (results not shown).
Deletion of KCH1 and KCH2 improves the growth upon K + -limited conditions
To obtain a more complex view of the role of Kch1 and Kch2 in K + homeostasis regulation, we compared the growth of the wild type, kch1 or kch2 single and kch1 kch2 double mutants on plates with YNB-F supplemented with various concentrations of KCl (from 15 μM (no KCl addition) up to 100 mM KCl), and observed that the deletion of both KCH genes resulted in a slight improvement in growth on plates with 25 μM KCl (Fig. 1A) and lower (not shown). The improvement in growth was not observed when a higher concentration of KCl was added to YNB-F plates (from 50 μM to 100 mM KCl). Under the same conditions, strains with a single deletion of only the KCH1 or KCH2 gene grew identically to the parental strain ( Fig. 1A and not shown, respectively). The difference in growth rate at low K + between the BY4741 and kch1 kch2 double mutant (BY4741-k1k2) was confirmed when the growth of cells was compared in liquid media (Fig. 1B ). In the presence of 100 mM KCl, the wild type and cells lacking the KCH1 and KCH2 genes grew at the same rate. However, in the presence of 50 μM KCl, mutant cells exhibited better growth than the parental strain (Fig. 1B) . It is worth noting that 50 μM KCl was the limiting concentration of K + for growth in liquid YNB-F, as neither of the strains grew in the presence of 25 μM KCl (not shown). To verify that the improvement in growth was related to the absence of KCH genes, the KCH1 gene was overexpressed in BY4741-k1k2 mutant cells and growth on limited K + was tested. As shown in Fig. 1C , the expression of Kch1 alone was enough to complement the phenotype. A double kch1 kch2 mutant expressing KCH1 from a multicopy plasmid grew worse under K + -limited conditions than the same strain with an empty vector (Fig. 1C) . Moreover, the double mutant overexpressing KCH1 grew even worse than the wild type possessing only one copy of functional KCH1 and KCH2 genes. These results confirmed that Kch proteins participate in K + homeostasis regulation and suggested that (i) their absence probably affects other cellular component(s)/parameter(s) important for cell growth in the presence of very low K + and (ii) Kch1 is not an uptake system for K + . 
Deletion of KCH1 and KCH2 changes cell volume and membrane potential
To continue the physiological characterisation of cells lacking KCH genes, we compared the cell size and membrane potential of wild-type and kch1 kch2 mutant cells. For the cell volume estimation, cells were grown to the exponential phase of growth in YNB media supplemented with 100 mM KCl. Although the cell sizes of single kch1 or kch2 mutants were not reproducibly altered (data not shown), the mean diameter for BY4741-k1k2 cells lacking both KCH genes was found to be significantly smaller of about 0.12 μM (P < 0.05) than that of the wild-type cells (Fig. 1D) . Similar results were found when cells were grown in rich YPD media, in which the difference between the wild-type and mutant cells was even higher (5.50 ± 0.03 and 5.23 ± 0.03 μm, respectively; not shown). The estimation of relative membrane potential revealed that cells lacking both KCH genes were hyperpolarised compared to the parental strain. The difference was visible both when the staining curves (Fig. 1E, left 
Cells lacking KCH1 and KCH2 exhibit disturbed homeostasis of monovalent alkali-metal cations, but no changes in intracellular pH
Hyperpolarisation of the plasma membrane can promote a nonspecific influx of monovalent cations into yeast cells, and hence a disruption of cation homeostasis, as well as a drop in intracellular pH and sensitivity to low extracellular pH (Bihler, Slayman and Bertl 1998; Navarre and Goffeau 2000; Navarrete et al. 2010 ).
In the next set of experiments, we tested whether hyperpolarisation of the plasma membrane caused by the deletion of KCH1 and KCH2 affected these physiological parameters. First, to elucidate the role of Kch1 and Kch2 in the cation homeostasis, wild-type and double kch1 kch2 mutant cells were tested for their tolerance to various cations (Fig. 2) . The drop test in Fig. 2A shows that the kch1 kch2 mutant cells were more sensitive to high concentrations of LiCl, NaCl, KCl and CsCl. On the other hand, we repeatedly observed that the double mutant could grow better than the wild type on plates containing 1400 mM RbCl ( Fig. 2A) . At RbCl concentrations lower than 1200 mM, both strains grew equally (not shown). Since Kch1 and Kch2 were originally identified as activators of Ca 2+ signalling in S. cerevisiae , we also tested the tolerance of the wild type and kch1 kch2 mutant to high concentrations of divalent cations, but no difference in growth between the two strains was observed on gradient YNB plates supplemented with CaCl 2 or MgCl 2 (Fig. 2B) . To distinguish whether the sensitivity of mutant cells to monovalent cations is due to either the toxic effect of cations or the osmotic effect of a high solute concentration, the growth of both strains was also compared on plates containing a high concentration of a non-salt solute (YNB plates with 20%-35% sorbitol). No difference in growth was observed between the wild type and double mutant on sorbitol plates (not shown). Next, we tested the tolerance of wild-type and kch1 kch2 cells to low and high extracellular pH and the effect of the presence/absence of Kch1 on intracellular pH levels (Fig. 3) . The mutant cells exhibited the same growth as the wild-type cells on plates with pH adjusted to various values from 3.0 to 8.0 (Fig. 3A) . The pH-sensitive variant of GFP enabling the estimation of intracellular pH in cytosol, pHluorin (Miesenbock, De Angelis and Rothman 1998) , was used for the estimation of cytosolic pH, and Fig. 3B shows that there was no difference in cytosolic pH between the two strains. We also measured the intracellular pH in wild-type cells expressing pHluorin chromosomally and overexpressing KCH1 from a multicopy plasmid under various growth conditions (YNB pH ± 50 mM KCl). In comparison with the control, a significantly higher intracellular pH was only found in cells overexpressing KCH1 in the presence of 50 mM KCl (Fig. S3 , Supporting Information). Taken together, the hyperpolarisation caused by the deletion of the KCH1 and KCH2 genes seems to directly influence the fluxes of alkali-metal cations in cells, but not the homeostasis of Ca 2+ or Mg 2+ , and the hyperpolarisation is not reflected in a change in the cytosolic pH. Kch1 only influences the homeostasis of H + in cells under particular conditions (KCH1 overexpression, elevated amount of K + ).
Pleiotropic phenotype caused by lack of Kch1 and Kch2 is dependent on the presence of Trk transporters
It was suggested that Kch1 participates together with Trk1 and Trk2 potassium transporters in the activation of HACS in response to ER stressors, and that all three systems regulate HACS by controlling K + uptake through their effect on the plasmamembrane electrical potential (Stefan and Cunningham 2013) .
In the next set of experiments, we wanted to know whether the phenotypes described above for cells lacking Kch1 and Kch2 are also dependent on the presence of Trk1 and Trk2 transporters.
To answer this question, we compared the physiological properties (growth on limited K + , cell volume, membrane potential and salt tolerance) of cells lacking the KCH1 and/or KCH2 genes in the trk1 trk2 background (strains BYT12 vs BYT12-k1, BYT12-k2 and/or BYT12-k1k2; Table 1 ). On solid YNB-F media, the BYT12 strain requires, due to the lack of Trk transporters, the addition of at least 10 mM KCl for its growth (Navarrete et al. 2010) . Under these K + -limited conditions, additional deletions of only kch1 (BYT12-k1) or kch1 and kch2 (BYT12-k1k2) only negligibly improved the growth of cells (Fig. 4A , compare the size of single colonies in the last drop). No difference in growth at low K + was observed in the trk1 trk2 background between the strain only lacking KCH1 and the kch1 kch2 double mutant (BYT12-k1 vs. BYT12-k1k2, Fig. 4A) . Similarly, the lack of only the KCH2 gene in the BYT12 strain had no effect on growth on plates with limited K + concentrations (not shown).
In addition, the BYT12 and BYT12-k1k2 strains also grew identically in liquid YNB-F media supplemented with 25 mM KCl (not shown). As for cell volume, the mean diameter of BYT12 and BYT12-k1k2 cells growing in YNB + 100 mM KCl (Fig. 4B) or YPD (not shown) did not differ significantly. In comparison to the wild-type BY4741 cells, the deletion of both TRK genes results in a significant hyperpolarisation of the plasma membrane, as well as in a decrease in cytosolic pH (Navarrete et al. 2010) . In agreement, in our diS-C3(3) assay, BYT12 cells growing in YNB + 100 mM KCl to the exponential phase of growth were stained more rapidly (Fig. 4C, left panel) , and the corresponding λ max after 20 min reached a higher value than was obtained for the wild-type cells (576.43 ± 0.47 vs 573.40 ± 0.12, respectively, cf. Fig. 4C and 1E , right panels). It confirmed that cells lacking the Trk1 and Trk2 potassium transporters are relatively hyperpolarised. Nevertheless, the quadruple mutant lacking the TRK and KCH genes exhibited very similar staining to BYT12 cells (Fig. 4C, left panel) , and no significant difference was found between them in terms of average λ max 20 min (Fig. 4C, right panel) . Similarly, no difference between BYT12 and BYT12-k1k2 was observed when cells were starved for potassium (transferred to K + -free YNB-F and incubated for 24 h; data not shown). The intracellular pH in the BYT12-k1k2 strain was found to be as low as in BYT12 cells (Fig. 4D ) when compared to the BY4741 wild type (Fig. 3B) . When the tolerance to alkali-metal-cation salts was tested (Fig. 4E) , BYT12-k1k2 tolerated the same amount of LiCl, NaCl, KCl, RbCl and CsCl as BYT12 cells. Taken together, all these results show that the observed pleiotropic phenotypes related to kch1 kch2 and Trk2 and reveal a new and tight cooperation between these proteins to ensure optimal cation homeostasis and membrane potential maintenance.
Kch1 does not influence monovalent cation homeostasis and membrane potential in Candida albicans
The pathogenic yeast C. albicans possesses only one homologue of KCH genes-CaKCH1 (Stefan and Cunningham 2013). To determine whether CaKch1 participates in the regulation of monovalent cation homeostasis in C. albicans cells similarly as in S. cerevisiae, we compared the growth of the C. albicans SC5314 wild type and previously described homozygous kch1/kch1 mutant (strain CS126; Stefan and Cunningham 2013) under limited K + conditions and in the presence of a high concentration of CsCl and RbCl (Fig. 5A and B, respectively) . Under all these experimental conditions, no significant difference in growth was observed between the two strains. Both strains also exhibited the same growth rate in liquid YNB-F media supplemented with 15, 25 and 50 μM KCl (data not shown). We estimated the relative membrane potential of the wild-type and kch1/kch1 mutant cells growing in YNB + 100 mM KCl; both strains were stained by diS-C3(3) very similarly, and the corresponding λ max 20 min did not differ significantly (Fig. 5C ). However, an unexpected result was obtained with the C. albicans cells. The incubation of S. cerevisiae cells in K + -free YNB-F medium for at least 1 h results in a hyperpolarisation (Madrid et al. 1998; Navarrete et al. 2010) . This hyperpolarisation occurs in cells irrespective of the presence of Trk systems. We observed the same in our experiments (e.g. in BY4741 incubated in YNB-F for 24 h, its λ max 20 min increased from 573.7 ± 0.1 to 574.9 ± 0.5 nm). With C. albicans, the incubation in YNB-F depolarised both the wild-type and mutant cells (Fig. 5C ). This depolarisation of both C. albicans strains was already visible after 1 h of incubation in YNB-F (not shown). As the membrane potential decreased in C. albicans wild-type cells and cells lacking both copies of the KCH1 gene to the same level (Fig. 5C ), this means that pathogenic C. albicans cells adapt to K + -limited conditions in a different way than S. cerevisiae, and CaKch1 does not participate in the regulation of monovalent cation homeostasis in C. albicans.
DISCUSSION
In yeast cells, the steady-state intracellular potassium concentration is maintained between 200 and 300 mM and depends on continuous uptake and efflux processes (Arino, Ramos and Sychrova 2010 Zimmermannova et al. 2015; Yenush 2016) . This work revealed two new players, small membrane proteins Kch1 and Kch2, which contribute to this complex regulatory system. The deletion of KCH genes results in a hyperpolarisation, and, as a result, to diminished cell volume and altered cation homeostasis (Fig. 1) . The obtained data suggest that Kch proteins contribute to the consumption of membrane potential at the plasma membrane and thus influence various physiological parameters in Saccharomyces cerevisiae cells. The putative role of Kch1 and Kch2 in growth with limited K + , tolerance to alkali-metal cations and intracellular pH is discussed below. The Kch systems were explicitly characterised for the first time in the S. cerevisiae W303-1A background . Our study used strains derived from the BY4741 background, which differs in some physiological parameters from W303-1A (Perez-Valle et al. 2010; Petrezselyova, Zahradka and Sychrova 2010) . Nevertheless, Kch1 and Kch2 proteins C-terminally tagged with GFP were targeted to the specific parts of the plasma membrane similarly in BY4741-derived strains (Fig. S2) as in the W303-1A background . Interestingly, both proteins exhibited the same localisation irrespective of the use of N-terminal or C-terminal (Fig. S2 ) GFP tagging. Also, in both backgrounds, the overexpression of the KCH1 or KCH2 genes promoted the growth of a TRK-deficient strain under moderate K + conditions ( Fig. S1 and ). Kch1 and Kch2 were initially proposed to be putative lowaffinity K + transporters ), but later it was suggested that Kch1 can also function as a regulator of a channel or a transporter (Stefan and Cunningham 2013) . We have found that the absence of KCH genes improves the growth of S. cerevisiae cells (BY4741 wild type) under K + -limited conditions ( Fig. 1A and B) , which indicates that both Kch proteins are instead involved in K + uptake and homeostasis indirectly, most likely via their function in membrane potential regulation. The expression of both KCH genes was found to be upregulated in the presence of α-factor (Heiman and Walter 2000; Roberts et al. 2000; . The comparison of transcriptional profile of BY4741 cells growing in minimal media in the presence of 50 mM KCl and after their transfer to low K + (YNB-F, i.e. 15 μM KCl) for 2 h revealed that the transcription of KCH1 might be slightly downregulated, while the transcription of KCH2 was induced almost three times upon long-term exposition to K + -limited conditions (Barreto et al. 2012) . In addition, the lack of TRK1 and TRK2 also resulted in 2-fold induction of KCH2 expression (Barreto et al. 2012) . Thus, the potassium concentration seems to influence the expression of KCH genes, especially KCH2. Whether the low external concentration of K + or insufficient amount of internal K + is important for this induction remains to be elucidated. We found that the lack of only one of the KCH genes did not change the size of cells growing in minimal YNB + 100 mM KCl medium (not shown), but cells without both KCH genes were smaller than cells of the wild type (Fig. 1D) . Two previous systematic S. cerevisiae screenings (Jorgensen et al. 2002; Zhang et al. 2002) determining the cells size revealed the mutant lacking the KCH1 gene as being larger in comparison with the wild-type cells, while the kch2/prm6 mutant exhibited the same size as the wild type. The finding of larger kch1 mutant in the systematic screenings (Jorgensen et al. 2002; Zhang et al. 2002) may be due to different growth medium, potassium concentration, cell counter or genetic background. In our hands, the three independent kch1 mutants show similar size as the wild type. The same was the truth for four independent kch2 mutants, and only the double mutant was about 5.0 (2.5) % smaller upon the growth in YPD (YNB + 100 mM KCl).
The most important potassium influx system in S. cerevisiae is Trk1. It is able to switch from a low-affinity mode to a high-affinity mode to enable an efficient K + uptake and cell growth with micromolar external concentrations of K + (Rodríguez-Navarro and Ramos 1984) . In Trk-deficient strains, potassium can enter the cells non-specifically via a putative channel (NSC1), Qdr2 drug/H + antiporter or sugar and amino acid permeases (Ko, Liang and Gaber 1993; Wright et al. 1997; Vargas et al. 2007) . Upon transfer to K + -limiting conditions, the cells of both strains (wild type and trk1 trk2 mutant) become hyperpolarised (Navarrete et al. 2010) . Due to the lack of KCH genes, the wild-type cells exhibited permanent hyperpolarisation upon all conditions tested ( Fig. 1E and related text) . The plasma-membrane potential was shown to serve as the common mechanism regulating the activity of cation transporting systems (Madrid et al. 1998; Zahradka and Sychrova 2012) . Thus, it is likely that under K + -limited conditions, the increased hyperpolarisation in wild-type cells provided more energy to Trk uptake systems and, hence, improved growth ( Fig. 1A and B) . When Trk1 and Trk2 were absent (BYT12 strain, Fig. 4 ), the improvement in the growth of cells lacking both TRK and KCH genes was negligible compared to cells expressing KCH genes (Fig. 4A ), and both strains had the same membrane potential (Fig. 4C ). This again indicates that the improvement in growth in the wild-type cells was dependent on the activity of Trk systems. In BYT12 cells, in which the overexpression of KCH1/KCH2 resulted in better growth under limited K + conditions for this strain (K + in mM range) ( Fig. S1 and , the change in membrane potential caused by KCH1 or KCH2 overexpression may alter the activity of the all above-mentioned systems involved in a nonspecific K + uptake resulting in either the increased K + uptake or decreased efflux of K + , and, as a result, better growth of the cells.
Toxic monovalent cations enter S. cerevisiae cells in a nonspecific manner, e.g. as low-affinity substrates of Trk systems or the NSC1 channel (Yenush 2016) . These low-affinity cation uptake pathways are activated by the plasma-membrane hyperpolarisation and produce the salt sensitivity (Bertl et al. 2003; Navarrete et al. 2010) . We found that the deletion of KCH genes conferred an increased sensitivity to all alkali-metal cations (Li + , Na + , K + , Cs + ), except Rb + ( Fig. 2A) . This sensitivity was not due to the osmotic effect of a high solute concentration and was lost when Trk systems were absent (Fig. 4E) . These results indicate that Kch proteins via their effect on membrane potential also influence the Trk-mediated influx of cations other than K + . The Trk1 system has two specific substrates, potassium and rubidium. A lot of effort was spent on the elucidation of Trk1 energisation, activity regulation and affinities for its substrates (Rodríguez-Navarro and Ramos 1984; Ramos, Contreras and Rodriguez-Navarro 1985; Ramos, Haro and RodriguezNavarro 1990; Rodriguez-Navarro 2002, 2003; Kuroda et al. 2004; Herrera et al. 2014) . Under potassium-limiting conditions (or in the presence of NaCl), Trk1 can switch to a highaffinity mode (decreasing its K T for K + from the milimolar to micromolar range) (Rodríguez-Navarro and Ramos 1984; Haro and Rodriguez-Navarro 2002) . However, it is unclear how the affinity for K + changes in the presence of the other substrate, rubidium.
Thus, our unexpected observation (increase in Rb + tolerance in the absence of KCH genes, visible on plates with 15 mM K + and 1400 mM Rb + ; Fig. 2A ) may result from a hyperpolarisationmediated increase in Trk1 affinity for potassium and not rubidium, and consequently in a much higher influx of K + than Rb + via Trk systems.
Many mutations that caused hyperpolarisation/ depolarisation of the plasma membrane affect the intracellular pH and tolerance to low external pH (e.g. strains with the deletion of TRK or mutants with altered activity of Pma1 H + -ATPase; Bertl et al. 2003; Maresova et al. 2010; Navarrete et al. 2010) . In contrast, the deletion of the gene encoding the outward-rectifying K + channel Tok1 results in a significant plasma-membrane depolarisation (Maresova et al. 2006) without changing the cytosolic pH (our unpublished data). We observed that the absence of Kch proteins neither affected tolerance to external pH nor intracellular pH under limited and normal K + conditions (Figs 3 and 4D ). An alteration in the intracellular pH dependent on the addition of K + into the media was only observed upon the overexpression of KCH1 in the wild-type cells (Fig. S3) . The cross-link between the K + and H + transport that we recently proved (Zimmermannova et al. 2015) can explain the increase of intracellular pH caused by KCH1 overexpression. In the presence of high K + in the media, the overexpression of Kch1 may increase the rate of membrane potential reduction (due to an excessive import of K + ), which, as a consequence, activates Pma1 H + -ATPase and thus increases the intracellular pH. Again, the Trk transporters are involved in the observed phenomenon, as the overexpression of KCH1 in trk1 trk2 mutant cells (BYT12) under the same conditions does not change the intracellular pH (our unpublished results). The family of Kch proteins plays an important role in HACS activation, calcineurin activation and cell survival during exposure to some ER stressors in both S. cerevisiae and Candida albicans (Stefan and Cunningham 2013) . Our data demonstrate that, in contrast to S. cerevisiae, CaKch1 does not play an important role in the maintenance of membrane potential and monovalentcation homeostasis in C. albicans (Fig. 5) . Due to the low extracellular potassium concentrations in the host organisms and the competition for it with host cells, pathogenic C. albicans needs to regulate cation homeostasis more efficiently than S. cerevisiae, so it uses several types of K + importers, besides a K + importer, a K + -H + symporter and a K + -importing ATPase . Also, the electrophysiologically estimated K + -transport characteristics of CaTrk1 differ from those of ScTrk1 (Miranda et al. 2009; Pardo et al. 2015) . In this work, we show that C. albicans cells respond to K + limitation by a depolarisation of their plasma membrane ( Fig. 5C ) which is different from the observed increase in plasma-membrane potential during the potassium starvation of S. cerevisiae cells ( (Navarrete et al. 2010 ) and this work). Hence, C. albicans probably uses different protective mechanisms from S. cerevisiae to cope with the decrease in extracellular potassium.
In conclusion, our knowledge of the physiological role of the Kch1/2 proteins was extended in this work, but is still far from complete. All available results indicate that the influence of Kch1 and Kch2 on membrane potential, cation homeostasis and pH as well as on the activation of the HACS system (Stefan and Cunningham 2013; highly depends on the presence of K + in the environment and the main K + uptake systems Trk1 and Trk2. We have not found any evidence that Kch proteins may directly act as potassium uptake systems. Nevertheless, the obtained data revealed new aspects and raised new questions concerning the complexity of the regulation of potassium homeostasis in yeast cells, on which we will focus in the future.
